Introduction
Genetic analysis of mitochondrial (mt) DNA has been an important tool in understanding human evolution due to characteristics of mtDNA, such as high copy number, lack of recombination, high substitution rate, and a maternal mode of inheritance (Ballard and Whitlock 2004) . However, most studies of human evolution that have included mtDNA sequences have been confined to the d-loop, which occupies less than 7% of the mtDNA genome (e.g., Cann et al. 1987; Vigilant et al. 1991; Watson et al. 1996; Quintana-Murci et al. 1999; Wallace et al. 1999; Chen et al. 2000; Jorde et al. 2000; Salas et al. 2002; Kivisild et al. 2004; Salas et al. 2004) . Inferences drawn from the d-loop alone can be problematic given that the d-loop mutates rapidly and is subject to saturation due to excessive homoplasy (Tamura and Nei 1993; Bandelt et al. 2006 ). Mutations are not randomly distributed across the length of the locus, making rate heterogeneity another important issue in calculating divergence date estimates (Excoffier and Yang 1999; Meyer et al. 1999; Bandelt et al. 2006) . In addition, several equally likely gene trees can often be inferred from d-loop sequences, particularly when large numbers of samples are analyzed (Maddison et al. 1992; Ballard and Whitlock 2004) .
Comprehensive studies of the human mtDNA genome have been carried out by analyzing single nucleotide polymorphisms (SNPs) determined by restriction fragment length polymorphism (RFLP) analysis and sequences of the first hypervariable region of the d-loop (Chen et al. , 2000 Salas et al. 2002 Salas et al. , 2004 . These studies have demonstrated that human mtDNA is geographically structured and may be classified into groups of related haplotypes (i.e, haplogroups) Wallace et al. 1999) .
Only 2 mtDNA macrohaplogroups (M and N) and their derivatives persisted in non-Africans after the migration of modern humans out of Africa. Macrohaplogroup L is geographically limited to sub-Saharan Africa and has been divided into haplogroups L0-L6 (Mishmar et al. 2003; Salas et al. 2004; Kivisild, Metspalu, et al. 2006) . The phylogeny of macrohaplogroup L is largely based on d-loop sequence and RFLP analysis and is, therefore, not well resolved ( fig. 1A and B) particularly at basal tree nodes (Kivisild, Metspalu, et al. 2006) . In particular, African mtDNAs that belong to L0 and L1 fall into several distinctive subhaplogroups, but their history is complex and poorly understood (Pereira et al. 2001; Kivisild, Metspalu, et al. 2006) .
Haplogroup L0 is divided into subhaplogroups L0a, L0d, L0f, and L0k (Salas et al. 2002; Mishmar et al. 2003; Salas et al. 2004; Kivisild, Metspalu, et al. 2006) ( fig. 1 ). Based on their geographic distribution throughout Africa ( fig. 1C) , Salas et al. (2002 Salas et al. ( , 2004 suggested the following scenario about the origin and diversification of subhaplogroups belonging to L0 and L1. L0a probably originated in eastern Africa and is common in eastern, central, and southeastern Africa, but is almost absent in northern, western, and southern Africa (Salas et al. 2002) . L0d is found almost exclusively among southern African Khoisan (SAK) speakers (Salas et al. 2002) . There is only a single L0d haplotype from a Turkana of Kenya (Watson et al. 1997) , as well as a few L0d haplotypes from Mozambique, which may have arisen by recent gene flow with the SAK (Pereira et al. 2001) . Similarly, L0k is found exclusively among the SAK (Salas et al. 2002) . However, the phylogenetic relationship of L0d and L0k is uncertain (Watson et al. 1997; Kivisild, Metspalu, et al. 2006 ). L0f is rare and appears to be geographically confined to east Africa (Salas et al. 2002) . Haplogroup L1 is composed of L1b and L1c ( fig. 1C ). L1b is concentrated in western Africa, but it also occurs in central and northern Africa (Watson et al. 1997; Rosa et al. 2004 ). L1c occurs frequently among central African Bantu speakers (Vigilant et al. 1991; Destro-Bisol et al. 2004 ) and probably originated among peoples near the Atlantic coast in western equatorial Africa (Salas et al. 2002 (Salas et al. , 2004 . Both L1b and L1c are nearly absent in eastern and southern Africa. Haplogroup L5 ) (previously referred to as L1e [Pereira et al. 2001] ) has been observed at low frequency only in eastern Africa (Salas et al. 2002) , Egypt (Stevanovitch et al. 2004) , and among the Mbuti Pygmies (Kivisild, Shen, et al. 2006) .
A global sample of complete mtDNA genome sequences has become publicly available making it possible to more precisely make phylogenetic inferences and calculate divergence dates for these mtDNA haplogroups (Ingman et al. 2000; Torroni et al. 2001; Ingman and Gyllensten 2003; Mishmar et al. 2004; Ruiz-Pesini et al. 2004; Macaulay et al. 2005; Thangaraj et al. 2005; Kivisild, Metspalu, et al. 2006; Kivisild, Shen, et al. 2006) . However, these previous analyses have included few samples representing many of the African mtDNA subhaplogroups (L0a, L0d, L0f, L0k, L1b, L1c, and L5), particularly from people residing in eastern Africa. East African populations may provide important clues toward understanding modern (Kivisild, Metspalu, et al. 2006) . Dashed lines indicate previously unresolved relationships. (B) Relative frequencies of haplogroups L0, L1, L5, L2, L3, M, and N in different regions of Africa from mtDNA d-loop and mtDNA coding region SNPs from previous studies. (C) Relative frequencies of haplogroups L0, L1, and L5 subhaplogroups (excluding L2 and L3) in different regions of Africa from mtDNA d-loop and mtDNA coding region SNPs from previous studies. Haplogroup frequencies from previously published studies include East Africans (Ethiopia ], Kenya and Sudan [Watson et al. 1997; Rosa et al. 2004] ), Mozambique (Pereira et al. 2001; Salas et al. 2002) , Hadza (Vigilant et al. 1991) , and Sukuma (Knight et al. 2003) ; South Africans (Botswana !Kung [Vigilant et al. 1991] ); Central Africans (Mbenzele Pygmies [Destro-Bisol et al. 2004 ], Biaka Pygmies [Vigilant et al. 1991] , and Mbuti Pygmies [Vigilant et al. 1991] ); West Africans (Niger, Nigeria [Vigilant et al. 1991; Watson et al. 1997] ; and Guinea ). L1*, L2*, and L3* from previous studies indicate samples that were not further subdivided into subhaplogroups.
human origins. Both paleobiological and archeological data indicate that modern humans may have originated in eastern Africa (McBrearty and Brooks 2000; White et al. 2003) , perhaps as early as 196,000 years ago (kya) (McDougall et al. 2005) . In addition, the earliest migrations of modern humans out of Africa are thought to have originated from eastern Africa (Tishkoff et al. 1996; Quintana-Murci et al. 1999; Kivisild et al. 2004) . Despite the paleobiological evidence that modern humans originated in eastern Africa, previous genetic studies have observed that L0k and L0d, which are found primarily among the SAK, occur at the root of the human mtDNA gene tree Ingman et al. 2000; Mishmar et al. 2003; Ruiz-Pesini et al. 2004; Kivisild, Metspalu, et al. 2006) . However, the presence of click-speaking populations in Tanzania (the Hadza and Sandawe) as well as Y chromosome data from the Hadza (Knight et al. 2003) , Ethiopian, and Sudanese populations (Underhill et al. 2000 (Underhill et al. , 2001 Cruciani et al. 2002; Semino et al. 2002) indicate that the SAK may have originated in eastern Africa, although the divergence between populations from these regions was quite ancient. Until now, no genetic data existed for the Sandawe.
In this study, we compare several complete mtDNA genomes of Tanzanians with a global panel of mtDNA genomes to clarify the evolutionary history of the African mtDNA haplogroups and to better characterize the role that populations in East Africa played in the origin and dispersal of modern humans across Africa. Generally, Tanzanians appear to have a high level of mtDNA genome diversity that is distributed among several mtDNA haplogroups that originated at different times in modern human history. These data suggest that populations in Tanzania have played an important and persistent role in the origin and diversification of modern humans.
Materials and Methods

Sample Collection
All Tanzanian samples were obtained from blood samples collected with informed consent and Institutional Review Board approval. The Ju-speaking !Xun (also known as Vasekela) and Khoe-speaking Khwe samples were collected from individuals in the area of Schmidtsdrift in the northwest Cape of South Africa and were provided by Dr M. Kotze. We obtained additional SAK samples from the Human Genome Diversity Panel-Centre d'Etude du Polymorphisme Humain (HGDP-CEPH). We selected samples for this study in 3 ways. First, we chose a sample of Tanzanians from 5 linguistically and culturally diverse ethnic groups (language classification is listed within parentheses): Sandawe (Khoisan), Hadza (Khoisan), Burunge (Afro-Asiatic), Maasai (Nilo-Saharan), and Turu (NigerKordofanian). Samples were chosen to represent the relative frequencies of the mtDNA L2, L3, M, and N haplogroups present in a much larger sample of d-loop sequences and mtDNA SNP data collected from over 700 Tanzanians (Gonder MK, Mortensen H, Reed F, Tishkoff SA, unpublished data). Second, we sequenced a subset of 25 Tanzanian samples to represent the most ancient mtDNA L0, L1, and L5 haplogroups (L0a, L0d, L0f, L1c, and L5). Third, we sequenced 10 samples from the SAK, 9 of which belong to mtDNA haplogroups L0d (n 5 7) and L0k (n 5 2). Finally, we sequenced the mtDNA genomes of 4 Bakola pygmies to expand our sample size of haplogroup L1c. All samples were combined for analysis with a global data set of 254 human sequences obtained from mtDB-Human Mitochondrial Genome Database (http://www.genpat.uu.se/ mtDB/) and from GenBank. Complete mtDNA genome sequences of a chimpanzee (Pan troglodytes) and a gorilla were used as outgroups to the human mtDNA genomes for phylogenetic analyses (GenBank accession numbers D38113 and X93347).
Sequencing
We amplified mtDNA genome sequences in two 8.5 kilobase (kb) using overlapping fragments, a touchdown polymerase chain reaction (PCR) protocol (Don et al. 1991 ) and high-fidelity Platinum Taq polymerase following the manufacturer's protocol (Invitrogen Corporation, Carlsbad, CA). Sequencing was done using Big Dye Ready Reactions Kits using protocols specified by the manufacturer (Applied Biosystems, Inc., Foster City, CA). We processed 48 sequencing reactions using an ABI 3100 Genetic Analyzer for each individual, resulting in complete upstream and downstream mtDNA genome sequences (Rieder et al. 1998) . PCR and sequencing primer sequences are given in table S1 (Supplementary Material online). We assembled sequences using Sequencher 4.1 (GeneCodes Corporation, Ann Arbor, MI) and annotated them according to the Cambridge Reference Sequence (Andrews et al. 1999) . We prepared the mtDNA sequences for phylogenetic analysis in ClustalX (Thompson et al. 1997) by aligning them to the mtDNA genome sequences from mtDB Web site. We improved the resulting alignment by visual inspection in MacClade version 4.05 (Maddison WP and Maddison DR 2000) .
Statistical Tests of Genetic Diversity and Neutrality
Because the d-loop is prone to problems with homoplasy and has been shown to produce unreliable gene trees (Maddison et al. 1992; Ballard and Whitlock 2004) , we excluded the d-loop from all analyses shown in this study (except fig. S1 , Supplementary Material online). We included sites corresponding to basepairs 577-16,023 of the Cambridge Reference Sequence (Andrews et al. 1999) in our analysis. We calculated the following summary statistics using DnaSP version 3.99 (Rozas et al. 2003) : numbers of sequences (n), segregating sites (S), nucleotide diversity (p), and average number of nucleotide differences (k) for various subsets of the mtDNA genome sequences (Rozas et al. 2003) . We also tested for deviations from expectations of neutrality, including Tajima's D, D* of Fu and Li, and F* of Fu and Li using DnaSP.
Phylogenetic Analyses
We determined optimal models of nucleotide sequence evolution by log likelihood ratio tests (Huelsenbeck and Crandall 1997) as implemented by PAUP* version 4.0b10 (Swofford 2002) . We calculated a distance matrix and Neighbor-Joining (NJ) tree for the 324 samples using the HKY85 substitution model, with gamma-distributed rates Analysis of Ancient African mtDNA Lineages 759 and 32 discrete nucleotide substitution rate categories. We subjected the resulting tree to 100,000 bootstrap replicates with resampling to provide statistical support for the basal branches of the mtDNA gene tree.
In order to better resolve the phylogenetic relationships of the African mtDNA lineages, we also analyzed a subset of the original data set using Bayesian analysis. Due to computational limitations, this data set included all mtDNA genome sequences from sub-Saharan Africans (n 5 89), African representatives of the M and N haplogroups (n 5 5), and a geographically diverse sample of mtDNAs of non-Africans derived from haplogroups M and N (n 5 18). We completed phylogenetic analyses of this smaller data set in MrBayes 3.1 (Ronquist and Huelsenbeck 2003 ) using the optimal model of sequence evolution determined in PAUP* (i.e., HKY85). In MrBayes, we ran 4 chains simultaneously for one million generations until the standard deviation (SD) of split frequencies was less than 0.01 under the HKY85 model with gammadistributed rates and 16 rate categories.
Time to Most Recent Common Ancestor
We tested for nucleotide substitution rate heterogeneity for each gene tree using a likelihood ratio test (À2lnK) comparing constrained (molecular clock enforced) versus unconstrained (no clock) trees (Huelsenbeck and Crandall 1997) . Because we found significant rate heterogeneity in the NJ and Bayesian trees, we estimated divergence times for the mtDNA haplogroup clades using a penalized likelihood (PL) model as implemented in the program r8s 1.07 (Sanderson 1997 (Sanderson , 2002 (Sanderson , 2003 using the optimal smoothing value (S 5 320) obtained by a cross-validation procedure in R8s.
We estimated confidence intervals (CIs) for each tree node using a 100 replicate bootstrap resampling procedure (Baldwin and Sanderson 1998) that was implemented by Perl scripts in the r8s-bootkit provided by Torsten Eriksson at http://www.bergianska.se/index_forskning_soft.html. We generated 100 bootstrap replicate data sets from the tree obtained from MrBayes v. 3.1 using SEQBOOT in PHY-LIP (Felenstein 1993) . In order to determine the 95% CI, we used a log likelihood decline of 2.0 units, which is roughly equivalent to 2 SDs (Sanderson and Doyle 2001) . We conducted all analyses using a discrete approximation of a gamma distribution to accommodate for among-site rate heterogeneity. We calibrated our time to most recent common ancestor (TMRCA) estimates by assuming that the Pan and Homo lineages had separated from each other completely by 6 MYA (Kumar et al. 2005; Patterson et al. 2006) and added 500 ky for lineage sorting (Macaulay et al. 2005 ).
Median-Joining Network Analysis
Networks of L0/L1 mtDNA genome haplogroups were constructed using Network 4.1.1.1 (Fluxus Technology Ltd., 2004 ) in order to provide a detailed analysis of nucleotide substitutions along branches. We prepared sequences for analysis in MacClade 4.06 OS X. We excluded all invariant nucleotide positions in our L0/L1 alignment. We found 486 variable sites in the coding region, which spanned basepairs 593-16,077 of the Cambridge Reference Sequence (Andrews et al. 1999) . These 486 variable sites were each assigned equal weight in the analyses (for contrasting method see Finnila et al. 2001) . Additionally, we constructed a median-joining (MJ) network including P. troglodytes as an outgroup (GenBank accession number D38113). Although Network 4.1.1.1 is not intended for interspecies comparison, the chimpanzee was included to root the network and to unambiguously infer branching patterns at the base of the human mtDNA network for comparisons to our phylogenetic analyses.
Results
We sequenced a total of 62 African complete mtDNA genomes for this study that have been assigned GenBank accession numbers EF184580-EF184641. These mtDNA genomes were from individuals belonging to several ethnic groups in Tanzania (n 5 49), click-speaking !Xun and Khwe populations from South Africa (n 5 10), and Bakola Pygmies from Cameroon (n 5 4). These samples were selected in order to fully represent L0a, L0d, L0f, L0k, L1c, L5, L2, L3, M, and N haplogroup lineages (table S2, Supplementary Material online). These newly sequenced African mtDNA genomes were aligned and compared with a global assortment of 254 mtDNA genomes of peoples of diverse geographic origin. Table S3 (Supplementary Material online) lists the GenBank accession number, sampling provenance, and major geographic region for these 254 mtDNAs. Diversity statistics are given in table 1. The genetic diversity present in this sample was broadly consistent with previous studies (Ingman et al. 2000; Ruiz-Pesini et al. 2004) . The amount of mtDNA sequence diversity (p) among Africans (3.92 3 10 À3 ) and Tanzanians (3.80 3 10 À3 ) was more than twice that among non-Africans (1.81 3 10 À3 ). However, the level of variation in Africa may be artificially elevated to some extent by the selection of genomes for sequencing that would maximize haplogroup representation. We detected significant departures from neutrality expectations (table 1), as measured by Tajima's D, in the global data set and the pooled African and non-African data sets, but not in Tanzanians. D* and F* statistics of Fu and Li revealed significant departures from neutrality in all populations. We also tested all mtDNAs belonging to subsets of haplogroups L0 and L1 for deviations from neutrality expectations (results not shown). None of these subsets significantly deviated from neutrality expectations, except for mtDNAs belonging to L5 (Tajima's D 5 À1.29, P , 0.001; D* of Fu and Li 5 À1.26, P , 0.05; F* of Fu and Li 5 À1.37, P , 0.05). Other studies of whole-mtDNA genome diversity in Africa did not report significant deviations from neutrality expectations (Ingman et al. 2000; Mishmar et al. 2003; Ruiz-Pesini et al. 2004) , with the exceptions of Torroni et al. (2001) and Kivisild, Shen, et al. (2006) . We speculate that these departures from neutrality expectations may be attributed to several potential factors including our larger sample of African mtDNAs compared with previous studies, artifacts of sampling from structured populations (resulting in an excess of rare variants) (Ptak and Przeworski 2002; Hammer et al. 2004; Kivisild, Shen, et al. 2006) , population expansion events, and/or an ancient selective sweep in African mtDNAs (Simonsen et al. 1995) .
Due to the high frequency of homoplasy in the mtDNA d-loop, we compared the topology of an NJ tree reconstructed from the complete mtDNA sequences of the 322 samples ( fig. S1 , Supplementary Material online) with a tree reconstructed using the mtDNA sequences excluding the d-loop (fig. 2) . The topologies of the 2 trees were similar, but the basal branches of the complete mtDNA sequences had lower bootstrap values. In contrast, the NJ tree of the mtDNA genomes that excluded the d-loop had higher statistical support for the basal branches separating the haplogroups (L0, L1, L5, L2, L3, M, and N), with bootstrap values ranging from 61% to 91%.
There are several notable characteristics of the NJ tree shown in figure 2. First, the L0/L5/L1/L2/L3 haplogroups are African specific, as previously reported (Ingman et al. 2000; Mishmar et al. 2003; Ruiz-Pesini et al. 2004; Kivisild, Shen, et al. 2006) . Haplogroup L0 forms the basal lineage of the human mtDNA gene tree followed by L1, L5, L2, L3, M, N, and the derivatives of haplogroups M and N. Unlike previous studies that report L0k as the most basal haplogroup of the human mtDNA gene tree (Ingman et al. 2000; Mishmar et al. 2003; Ruiz-Pesini et al. 2004) , our data suggest that L0d forms the basal lineage of the human mtDNA gene tree (which has also been observed in a recent study of African mtDNA genome diversity [Kivisild, Shen, et al. 2006] ). L0d is further subdivided into 2 reciprocally monophyletic clades: one clade composed of SAK and one clade composed of Tanzanians (all of whom are Sandawe, except for one neighboring Burunge). Further, our analysis shows that L0k forms a clade with L0f and L0a, suggesting independent origins of L0d and L0k lineages. L1b, L1c, and L5 form a monophyletic clade, as do all L2 mtDNAs and all L3 lineages. These L3 mtDNA sequences all belong to Africans, with the exception of 2 mtDNA genomes sampled from the Middle East, suggesting some recent migration from Africa to the Middle East. mtDNAs belonging to haplogroups M and N form 2 monophyletic clades ( fig. 2A) . These 2 M and N haplogroup clades included a few Tanzanians (belonging to haplogroups M1, M, N1, and J), suggesting possible recent gene flow back into Africa and/or that ancestors of the Tanzanian populations may have been a source of migration of modern humans from Africa to other regions ( fig. 2B) .
In order to better resolve the evolutionary history of the most ancient mtDNA haplogroup lineages using Bayesian maximum likelihood analyses, we next analyzed a smaller data set composed of all mtDNA genomes of people from sub-Saharan Africa and a subset of the samples obtained from GenBank. The subset of samples included a global panel representing all of the major non-African haplogroup lineages. The Bayesian tree is shown in figure 3 . The overall tree topologies of the Bayesian tree and NJ tree were similar. Clade credibility scores, which are a measure of the posterior probability of the tree branching structure, ranged from 73% to 100%. MtDNAs of Africans belonging to haplogroups L0 and L1 form the most basal lineages of the human mtDNA gene tree. Within L0, L0d forms the most basal branch of the tree and also contains 2 reciprocally monophyletic clades composed of Tanzanians and SAK, respectively. L0k forms a clade with L0f and L0a, providing additional support of independent origins of the Khoisan-specific L0d and L0k haplogroup lineages. L1b and L1c form a clade that does not include L5. In contrast to the NJ trees ( fig. 2 and fig. S1 , Supplementary Material online), L5 occupies an intermediate phylogenetic position between L1 and L2, as has been previously reported (Shen et al. 2004) .
Using a log likelihood test (Huelsenbeck and Crandall 1997) , we found significant substitution rate heterogeneity in our phylogenetic analyses for the complete sample of mtDNA genomes (n 5 320; À2lnK 5 750.9, v 2 df 5 318, P , 0.05, 100 permutations) and for the smaller data set (n 5 114; À2lnK 5 349.5, v 2 df 5 112, P , 0.05, 100 permutations). Simulations have shown that it is difficult to root a phylogeny precisely when the outgroup is very distant relative to the ingroup, as is the case in the present study (Penny et al. 1995; Sanderson and Shaffer 2002) . This difficulty could potentially explain the substitution rate heterogeneity observed in our data set. Reanalysis of the data set using a conservative midpoint root verified that the substitution rates in our data were heterogeneous for the complete set of mtDNA genomes (n 5 319; À2lnK 5 433.94, v 2 df 5 317, P , 0.05, 100 permutations) and for the smaller data set (n 5 113; À2lnK 5 150.41, v 2 df 5 111, P , 0.05, 100 permutations).
Subsequent to our discovery that these data do not follow a clock-like model, we applied a PL algorithm to account for substitution rate heterogeneity among the mtDNA haplogroup clades to calculate TMRCAs for various nodes in the gene tree shown in figure 3 . Table 2 lists these TMRCA dates and their 95% CIs. Our TMRCA estimate for the global mtDNA genome tree is 194.3 6 32.55 kya, which is very close to the age of the earliest modern humans estimated from fossil data (McDougall et al. 2005 ) as well as some early studies of mtDNA diversity (e.g., Vigilant et al. 1991; Horai et al. 1995 split 6.5 MYA]). We also observe an origin of L0 (146.4 6 25.1 kya) and L1 (140.4 6 33 kya), slightly more recent than the appearance of modern humans based on the paleontological record (Clark et al. 2003; White et al. 2003; McDougall et al. 2005) . The L0d mtDNAs have a TMRCA of 106 6 20.2 kya. The TMRCA of mtDNAs of the SAK belonging to L0d is 90.4 6 18.9 kya, whereas the TMRCA of L0d mtDNAs belonging to Tanzanians is more recent (30.6 6 17.8 kya). The TMRCA of L0k, L0f, and L0a is 139.8 6 24.6 kya. The TMRCA of the SAK L0k is 70.9 6 19.7 kya. The TMRCA of L0f, which is observed only in eastern Africa, indicates that it is a relatively old lineage (94.9 6 9.4 kya). The TMRCA of L0a (54.6 6 5.7 kya) is more recent than the TMRCA of L0f, even though these mtDNA samples originate from diverse regions in Africa. We attribute the relatively old TMRCA (and highly negative Tajima's D) of L5 (129.4 6 22.1 kya) to the divergent sequence of the L5 mtDNA from a single Tanzanian Mbugwe individual compared with the three L5 mtDNAs from the Tanzanian Sandawe that differed from each other by very few basepairs. The TMRCAs of L2 and L3 are more recent (96.7 6 10.7 kya) compared with those of L0, L1, and L5. The age of the youngest node containing both African and non-African sequences (node S) is 94.3 6 9.9 kya and represents an upper bound time estimate for an exodus out of Africa.
Phylogenetic analyses of mtDNA that assume a strict bifurcating tree topology may not be well suited to the study of human mtDNA . Confounding phenomena, such as homoplasy and multifurcations (''star'' phylogenies), have commonly been observed in studies of human mtDNA gene genealogies (Posada and Crandall 2001) . Therefore, we complemented our phylogenetic analyses by also constructing mtDNA gene genealogies ( fig. S2 , Supplementary Material online) using a MJ network approach. Generally, the results of our network analysis were consistent with haplogroup designations based on d-loop sequences and SNP analysis reported in other studies (Salas et al. 2002 (Salas et al. , 2004 Kivisild et al. 2004) . Using the network analysis, we investigated the substitutions in the mtDNA coding region that occur along main branches of the network (fig. 4) . Additional substitutions that occur along the terminal branches of the network are given in figures S3 and S4 (Supplementary Material online) . The main branches of the L0/L1 network are well supported by several substitutions across the mtDNA genome. Note that L0d, L0f, L0k, and L1c haplogroups contain highly divergent lineages that are separated by several substitutions. In contrast, the L0a haplogroup was characterized by several short branches, despite the fact that these mtDNAs come from a wide variety of African populations. We speculate that the wide geographic distribution and short branches of L0a result from recent population growth and/or a recent expansion of L0a and could perhaps reflect the expansion of Bantu-speaking peoples into eastern Africa within the past few thousand years (Salas et al. 2002) .
Discussion
Most analyses of the phylogenetic relationships among African mtDNA haplogroup lineages have been confined to the d-loop and/or RFLP haplotyping of the whole-mtDNA genome. Phylogenies and TMRCA estimates based on the d-loop and RFLPs may be problematic because of homoplasy and heterogeneous mutation rates (Maddison et al. 1992; Excoffier and Yang 1999; Meyer et al. 1999; Ballard and Whitlock 2004) . Although previous studies of wholemtDNA genome diversity have included over 100 mtDNA genomes of Africans Kivisild, Shen, et al. 2006) , these studies have not included large numbers of samples from eastern African populations. However, eastern African populations contain rare mtDNA haplogroups that may contain important clues in understanding modern human origins. Our analysis of mtDNA genomes provides relatively robust phylogenies and TMRCA estimates for these mtDNA haplogroup lineages. Moreover, the results of our study suggest several notable observations about the role of Tanzanians in the dispersion of modern humans and the history of African mtDNA haplogroups.
Tanzania is the only region of Africa where populations speak languages classified as belonging to the 4 major language families present in Africa: Afro-Asiatic, NiloSaharan, Niger-Kordofanian, and Khoisan (Greenberg 1963) . The Hadza and Sandawe, who speak a click language classified as Khoisan, are thought to be indigenous to Tanzania. However, populations speaking languages belonging to the other 3 language families are thought to have migrated into Tanzania from the Sudan (Nilotic NiloSaharan speakers), Ethiopia (Cushitic Afro-Asiatic speakers), and West Africa (Bantu Niger-Kordofanian speakers) within the past 5,000 years (Ambrose 1982; Newman 1995) . Given the considerable ethnic and linguistic diversity present in Tanzania, it is not surprising that Tanzanians possess high mtDNA genetic diversity, comparable to the level of genetic diversity observed across continental sub-Saharan Africa. This genetic diversity is distributed among several mtDNA haplogroups that originated at different times in modern human history. The presence of very old mtDNA haplogroups (i.e., L0d, L0f, and L5) in Tanzanians that are rare or absent in other regions of Africa suggests populations in Tanzania may have had a large long-term effective population size and/or a large degree of long-term population structure, which has acted to preserve many divergent and rare mtDNA haplogroup lineages that appeared early in modern human history. The presence of these ancient lineages in Tanzania also suggests that eastern Africa might be the source of origin of many other African mtDNA haplogroup lineages. Our findings are consistent with other studies of mtDNA genetic diversity in African populations that have suggested populations in eastern Africa form a highly diverse gene pool (Watson et al. 1997; Chen et al. 2000; Watson and Penny 2003; Kivisild et al. 2004 ). In addition, the TMRCA of mtDNA haplogroup lineages L3, M, and N and their derivatives (94.3 6 9.9 kya) is approximately half of the TMRCA of all modern humans (194.3 6 32.55 kya), which supports models predicting that there was a significant period of time in which modern humans lived exclusively in Africa prior to the exodus of modern humans to other regions of the world (Penny et al. 1995) . These observations are consistent with paleobiological and archeological data suggesting that eastern Africa may have been an ancient source of dispersion both within and outside of Africa. The earliest remains of transitional modern humans, dated as early as 196 kya, have been found in Ethiopia (Clark et al. 2003; White et al. 2003; McDougall et al. 2005) . The earliest artifacts associated with modern humans are also found in eastern Africa (Foley 1998) . Later, Stone Age technology was established in several regions well before 40 kya in eastern Africa but not until 22 kya in southern Africa (Lahr and Foley 1994; Lahr 1996; Foley 1998) .
Further, the reciprocally monophyletic phylogenetic relationship of L0d lineages in the Sandawe and the SAK at the root of the human mtDNA gene tree, indicates an ancient, but unique, genetic connection between these populations (Tishkoff SA and Mountain JL, unpublished data) . The oldest L0d lineages are observed in the SAK, but it is possible that the ancestral Khoisan population(s) originated in east Africa and subsequently migrated into southern Africa, and that ancient lineages have been lost in the Tanzanian Hadza and Sandawe populations due to genetic drift (Tishkoff SA and Mountain JL, unpublished data) . These observations are consistent with both linguistic data indicating similarities between the Sandawe and SAK languages (Ruhlen 1991; Ehret 2000; Traunmuller 2003) as well as shared subsistence patterns (until recently, the Sandawe maintained a hunter-gatherer lifestyle). Our findings are also consistent with patterns of variation in the Y chromosome suggesting an ancient genetic connection between SAK and several East African populations (Cruciani et al. 2002; Semino et al. 2002) . Additional data from other loci and additional populations from Tanzania will help resolve whether the connection between Khoisan speakers in eastern and southern Africa is due to divergence from a common ancestor, or to ancient gene flow, and whether or not the ancestors of the Khoisan-speaking populations originated in eastern or southern Africa (Tishkoff SA and Mountain JL, unpublished data) .
Finally, our limited genetic data from Tanzanians belonging to haplogroups M1, N1, and J suggest 2 alternatives that are not mutually exclusive. Populations in Tanzania may have been important in the migration of modern humans from Africa to other regions, as noted in previous studies of other populations in eastern Africa (QuintanaMurci et al. 1999) . For example, mtDNAs of Tanzanians belonging to haplogroup M1 cluster with peoples from Oceania, whereas Tanzanian mtDNAs belonging to haplogroup N1 and J cluster with peoples of Middle Eastern and Eurasian origin. However, the presence of haplogroups N1 and J in Tanzania suggest ''back'' migration from the Middle East or Eurasia into eastern Africa, which has been inferred from previous studies of other populations in eastern Africa ). These results are intriguing and suggest that the role of Tanzanians in the migration of modern humans within and out of Africa should be analyzed in greater detail after more extensive data collection, particularly from analysis of Y-, X-, and autosomal chromosome markers. Our analyses of African mtDNAs suggest populations in eastern Africa have played an important and persistent role in the origin and diversification of modern humans.
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